Friction welding has been widely used to metals with dissimilar materials due to solid state joining process and shows good mechanical properties. In this study, the effect of mechanical and metallurgical properties of austenitic stainless steel (304L) and copper were experimentally investigated by tensile and hardness test while the metallurgical properties of optical, scanning electron microscopy and atomic force microscopy was used to analyze the microstructure of the welded joint. The joints were also examined with EDX line in order to understand the phases formed during welding. The material is evaluated by tensile test and their strength is determined and the hardness test measurements are examined in base metal and heat affected zone. The bonded materials of austenitic stainless steel and copper joint were produced by varying the friction pressure, upset pressure and rotational speed through Taguchi's orthogonal array. The highest tensile strength obtained in friction welded joint was 2.52% higher than parent material of copper. The effects of metallurgical characterization are discussed based on the microstructural studies.
Introduction
Friction welding is a solid state joining process that uses rotational motion and high axial pressures to convert rotational energy into frictional heat at a circular interface. The heat produced by this rubbing action raises the inter-surface temperature of the two parts to the plastic state where the high thrust load extrudes metal from the weld region to form an upset. When sufficient energy is developed, the rotation is stopped and thrust load increased, to forge the parts together and form a solid state bond. Friction welded joints have very reliable integrity and becomes stronger than that of the individual base materials. The friction welding of mild steel and stainless steel are studied and the strength of the joints obtained were good and reasonable [1] . An experiment conducted in continuous friction welding on sintered powder metallurgical steel to wrought copper material and the deformation is confined only to copper side due to high thermal conductivity [3] . A study focused on dissimilar materials of austenitic stainless steel to copper and aluminium and the bond shows poor strength on some weld joints due to some accumulation of alloying elements at the interface result of temperature rise and the existence of intermetallic layers by using friction welding method [4, 5] . A statistical approach has been conducted for optimum parameters in the dissimilar materials of joining the copper and aluminium materials by friction welding and grey layer was observed at the fracture surfaces of welded parts and thus decreased the strength of the joints [6] . The study of mechanical properties and microstructure of friction welded joint of ductile iron with stainless steel related to the fracture morphology and phase transformations during friction welding [7] . The dissimilar materials of austenitic stainless steel and ferritic stainless steel were studied by different mechanical properties exhibited by friction processed joints which exhibits better properties when compared to the fusion processed joints. The joints exhibited 90-95% of the parent material's tensile strength and the failure obtained in the weld interface region [8] . Sare Celik et al [9] carried out the dissimilar material of AISI 4140 steel and AISI 1050 steel and mechanical properties are investigated. The highest tensile strength developed in the welded specimens is 6% higher than parent AISI 1050 steel and the lowest tensile strength obtained was 1.9% lower than the parent AISI 1050 steel. Sathiya et al [10] compared the friction processed joints to the respective parent materials which exhibits better properties when compared to the fusion processed joints. The problems associated with fusion joining are minimized in friction welding and exhibited 95.52% of parent material's tensile strength.
The joining of stainless steel with dissimilar materials are studied extensively based on strength and metallurgical aspects and good amount of literature are available in friction welding process. However, the joining of austenitic stainless steel and copper material are very limited. In this present work, austenitic stainless steel and copper materials were studied based on its mechanical and metallurgical behaviours of friction welded joints.
Experimental Methods
Friction welding machine used is capable of operating with high precision and excellent repeatability of weld parameters. Friction and upset forces are read by a load cell and precisely controlled by a computer. The machine has a stroke of 300 mm and a maximum upset force of 200 kN can be applied. The spindle motor is of 20 HP, 3 Phase AC and operating speed can be varied from 1 to 2500 RPM. The friction welding machine used for this study is shown in fig 1. The base materials of Tension test, hardness test (Table 1 ) and chemical analyses of austenitic stainless steel and copper (Table 2 and 3) used in present study were performed with test samples of 24 mm diameter and 75mm length were prepared for friction welding experiments. Prior to friction welding, the surfaces were polished using emery papers and cleaned using acetone. In this experimental work, a Taguchi method was selected with a L 27 (3 4 ) orthogonal array (27 tests, 4 variables, 3 levels) for the process parameters. The friction welding parameters used in this study are listed in Table 4 . The mechanical characteristics were evaluated from tensile tests and hardness tests. Microstructural features of the friction welds were examined by optical microscopy, scanning electron microscopy and energy dispersive analysis of X-rays are investigated to identify the phases that occur at the fractured surface. The friction welding parameters for this study are listed in Table 5 . Fig. 2 shows the appearance of copper-stainless steel joint. Joint flash was formed at the copper side while the stainless steel side is not fractured. It was also seen that the total length of the specimen decreased with increasing upset pressure. 5  22  87  1500  2  189  82  246   6  22  87  500  3  202  82  256   7  22  108  1500  1  190  84  248   8  22  108  500  2  188  84  258   9  22  108  1000  3  205  82  251   10  33  65  500  1  204  84  252   11  33  65  1000  2  183  81  245   12  33  65  1500  3  205  79  239   13  33  87  1000  1  203  83  247   14  33  87  1500  2  182  81  241   15  33  87  500  3  213  81  250   16  33  108  1500  1  238  83  242   17  33  108  500  2  220  82  252   18  33  108  1000  3  134  80  246   19  43  65  500  1  204  82  246   20  43  65  1000  2  203  80  240   21  43  65  1500  3  238  78  234   22  43  87  1000  1  213  82  242   23  43  87  1500  2  219  80  235   24  43  87  500  3  157  79  245   25  43  108  1500  1  193  81  237   26  43  108  500  2  203  81  247   27  43  108  1000  3  193  79  240 
Results and Discussion

Appearance of joint
Tensile properties
The input parameters developed based on Taguchi technique, were used to evaluate the friction welded joints by conducting the experiments. The tensile strength of the weld joints are listed in Table 5 . To achieve higher strength, the friction time should be held as short as possible, while the friction and upsetting pressures should be as high as possible [7] . Among all the samples made by friction welding, the sample S18 and S21 are obtained as lowest (157 MPa) and highest (238 MPa) of tensile strength values respectively. Low upset pressure results insufficient time for the material to heat up and bond strength is reduced. The bond strengths were comparable to that of parent material in copper. The highest tensile strength obtained in friction welded joint was 2.52% higher than parent material of copper whose tensile strength was 232 Mpa. The welded sample confirms that all the joints were fractured in copper material as shown in Fig.3 . The results of the cold tensile tests performed on the welded specimen showed a relatively ductile manner in tension (Fig.4) . This behavior can also be seen from the SEM micrographs of the fractured surfaces (Fig. 5 ). It shows a dimple pattern in the whole width of the specimen and confirms the ductile mode of fracture. 
Hardness test
Vickers microhardness measurements were made across the weld on all samples to identify the strength in the three microstructural zones of the weld Base Metal (BM), Heat Affected Zone (HAZ) in austenitic stainless steel (304L) and copper respectively as shown in Fig.6 . Vickers microhardness measurements were down in accordance with ASTM E384-09 and ASTM E407-99 standards respectively. A maximum hardness of 258 HV has been obtained near the weld interface in austenitic stainless steel (304L) and 86 HV in copper. In weld zone (WZ)
(a) (b)
hardness is negligible in both the materials and hence the joining of welded area appears as a straight line. This is due to the different thermal diffusivity of materials and intermetallic layer existing at the interface cause hardness variations [4] . 
Microstructure properties
Samples for optical metallography were prepared by sectioning the welded joint at right angles to the bond-line. The micro-structural examinations were prepared under standard metallographic procedure. The specimens are well polished with different grades of emery paper and etched by 10% oxalic acid. The friction welded samples are examined in the metallurgical microscope and microstructures are analyzed in base metal and HAZ of the two dissimilar materials. In austenitic stainless steel, the parent metal revealed "step" between the grains with annealed twin boundaries present and particles of carbide present in the austenitic matrix (Fig. 7a) . In copper, the parent (Fig. 7b) shows coarse alpha grains whereas in HAZ the microstructure (Fig. 8b) shows clear visibility of recrystallized alpha grains after friction welding and appears coarser. The grain size in austenitic stainless steel after welding is similar to parent material whereas in copper material indicates fine grains than the parent material (Fig. 8c) . Due to fine grains, hardening is increased and structure exhibits copper oxide particles. Constituent elements of both materials had interdiffused through the weld interface, and some intermetallic compounds were formed at the weld interface. a b 
Atomic Force Microstructure
Atomic force microstructure (AFM) is used to study the surface morphology of friction welded joints in dissimilar materials. Atomic force microscopy (AFM) is a powerful technique that can provide direct spatial mapping of surface morphology with nanometer resolution. The optical images were captured by the integrated optical microscope of the AFM. The system was operated in tapping mode using commercial silicon probes. Topographic and phase images were obtained simultaneously using a resonance frequency of approximately 300 kHz for the probe oscillation and a free-oscillation amplitude of 62 nm ± 2 nm. The microstructure of interphase layer in dissimilar material is seen in atomic force microscopy. Fig. 9 , it was found that there is no significant structural change in the interphase region when compared to the parent metal regions. The maximum roughness in the interphase zone has more or less same roughness with the copper. From the roughness graph, it was observed that the difference between average roughness of dissimilar material is very less and negligible in the interphase region. When studying roughness size the parent materials of stainless steel and copper are having peak in the range of 15-35nm and 30-90nm respectively and in welding zone, the peak of interphase region has increased upto the range of 60-130nm. 
EDX analysis of joints
Scanning electron microscopy (SEM) and Energy Dispersive Analysis of X-rays (EDAX) analysis were performed in order to investigate the phases that occur at the welding interface. Observations were realized with a 200 kV field effect scanning electron microscope coupled to energy dispersive analysis of X-rays (EDAX) analysis. The software allowed piloting the beam to scan along a surface or a line so as to obtain X-ray cartography or concentration profiles by elements [5, 6] . SEM microstructure of the interface region in the friction-welded austenitic stainless steel and copper joint and EDAX analysis results are given in Fig.10 , while distributions of elements within the determined location are shown in Table 7 . EDAX analysis was carried out on the SEM image. The EDAX results confirm that austenitic stainless and copper joints contain some intermetallic compounds. Formation of these brittle intermetallic compounds degrades the strength of the joints. 
Conclusions
This study investigates some factors affecting the joint performance of friction-welded joint of austenitic stainless steel to copper and the various tests were carried out to evaluate the joint performance. Based on the results produced through mechanical and micro-structural analysis, the following conclusions were obtained. Friction welding has been used to successfully join with austenitic stainless steel and copper. The tensile strength values obtained on joints were varied with three different rotational speeds of 500 rpm, 1000 rpm and 2000 rpm. The bond strengths were comparable to parent material of copper. Strength of the joints obtained was good and ductility was reasonable in copper.
The welded joint made with the austenitic stainless steel and copper was achieved in nearly all the conditions. The quality and the strength of the bond produced are varied. The use of higher friction pressure with low upset pressure increases the tensile strength of friction-welded joint whereas with lower friction pressure and high upset pressure results decrease in joint of dissimilar material.
The highest tensile strength obtained in friction welded joint was 2.52% higher than parent material of copper whose tensile strength was 232 Mpa. Joint strength increased and reached a maximum, and then decreased again as the friction pressure increased. A longer friction time causes the excess formation of an intermetallic layer. However, some of the welds show poor strength depending on some alloying elements at the interface result of temperature rise and the existence of intermetallic layers. When studying roughness size, the peak of interphase region has increased upto the range of 60-130 nm which is more or less similar to the parent material of copper in the range of 30-90 nm.
The hardness shows higher in parent metal than in HAZ of stainless steel material.
